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ABSTRACT Modular robots are cyber-physical systems composed of elements similar in nature that collaborate for a common
global goal. This paper reports on a formal modelling of modular robots using Markov Decision Processes (MDPs) supported
by the PRISM tools. The novelty of our modelling approach consists in incorporating empirical data and feedback from
energy-dependent components collected thanks to an instrumentation of real modular robots called Blinky Blocks. While using
PRISM modules for specifying individual robots or motifs composed of Blinky Blocks in their environment, the collected data are
used for probabilistic transitions and non-deterministic choice, as well as for rewards to estimate energy availability that impacts
fallback behaviours and actuation success. Afterwards, PRISM allows performing model-based analysis of safety, recovery, and
energy-boundness under non-deterministic choice of the environment, and a model-based simulation on scenarios of interest.
Comparing the obtained simulation results to those observed on real individual robots and their motifs provides useful insights
for the developers, such as anomalous consumption patterns or inter-module variability. The designed trustworthy models can
then be used for designing and validating adaptation policies for modular robots.
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1. Introduction
The fast development of distributed and modular systems has
enabled them to be a central building block in the develop-
ment of scalable, adaptive, fault-tolerant cyber-physical systems
(CPS). Out of these, modifiable self adaptive systems are dis-
tinct with their ability to adapt and adjust in real-time due to
a change in the internal or environmental context. This dy-
namic reactivity is crucial for applications as diverse as smart
infrastructure, robots, autonomous mobility, or critical power
distribution networks. Nevertheless, providing correctness and
performance guarantees of these systems is non trivial because
of their complexity, non-deterministic behaviours, and distribu-
tion in decision-making (de Lemos & et al. 2013).

Energy management is a major challenge for cyber-physical
systems (Monostori 2014) as their behaviour is tightly coupled
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with physical resource constraints. Power limitations directly
affect actuation reliability and can lead to failures, motivating
the need for energy-aware modelling and analysis. Particularly,
in large-scale deployments where power distribution, propa-
gation, and optimization must be carefully controlled. Hence
the CPS development requires improved design methodologies
and tools to support specification, modelling and analysis of
both cyber and physical aspects (Bliudze et al. 2019). Recent
work (Päßler et al. 2025) describes a methodology and a tool
support to address this question. However, there are method-
ological difficulties and lack of data for building CPS’ models,
which must be trustworthy to allow a meaningful model-based
analysis. Moreover, the CPS’ 5C architecture in (Bagheri et al.
2015) contains a data-to-information conversion layer with the
purpose to help the developers design better and more robust
systems and equipment by leveraging data from operational
performance.

Blinky Blocks (BBs), one of several modular robotic systems,
serve as a promising real-word platform to study these phenom-
ena. Each BB can act independently or in coordination, offering
a programmable interface, sensing, and actuating capabilities.
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Figure 1 BB motifs.

Their modularity allows
prototyping real-world
adaptive systems and
scalable experiments. The
aim behind modelling
BBs is to understand and
formalize the behaviour
of modular systems that
could be scaled to larger
smart infrastructure—such
as distributed power plant
modules that supply energy to variable consumption nodes like
homes, gas stations, or city blocks. Despite having the same
input configurations, these distributed systems may have similar
architectures or utility functions, but the disparity in power
demands between regions puts unequal strain on individual
modules, resulting in a probabilistic distribution of success and
failure states requiring hierarchical abstraction, communication
and coordination in between for the global goal.

To formally reason about such stochastic behaviours and
to ensure properties like safety, liveness and resilience, we
utilize the PRISM model checker. We focus on modelling
using Markov Decision Processes (MDPs), allowing us to cap-
ture both the non-deterministic task selection and probabilistic
transitions observed in BBs. Unlike deterministic simulators,
PRISM model checker allows us to rigorously verify some tem-
poral properties under uncertainty, enabling deeper analysis
of failure propagation, fallback strategies, and energy-aware
adaptation (Kwiatkowska et al. 2011).

This paper presents a model-based workflow that bridges
physical experimentation and formal analysis and simulation.
As illustrated in Fig. 2, empirical measurements collected from
instrumented Blinky Blocks are used to calibrate probabilistic
transition models capturing energy-dependent failures and fall-
back behaviours. These calibrated parameters instantiate MDPs
in the PRISM model checker, enabling formal verification, be-
havioural exploration by model animation, and strategy analysis
under uncertainty. This paper organisation corresponds to the
overview in Fig. 2, with the focus on system modeling with a
parameter calibration based on empirical data collected, and on
comparison of the observed artefacts vs. the results obtained on
system model side (confrontations).
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Figure 2 End-to-end workflow: From empirical instrumentation
and parameter calibration to modular MDP modelling, formal verifi-
cation, and design-time insights

2. Real System and Motivations

2.1. Blinky Block Overview

Systems composed of Blinky Blocks can be seen as CPSs struc-
tured in motifs (lines, stars, etc.), as illustrated in Fig. 1. A
Blinky Block is a cube shaped robot of 4 cm-sized length (cf.
Fig. 3), which executes a program, defining its actions depend-
ing on events it receives from its sensors. It may provide a visual
rendering (colour, luminosity) by means of RGB LEDs, and
may play sounds of a needed volume by means of a loudspeaker.
The face magnets and connectors allow putting them together
to form 2D and 3D structures.
More precisely, each Blinky Block includes an ARM micro-
controller (MCU), a power supply (ALIM), multi-color LEDs,
a speaker, an accelerometer (ACC), a microphone (MIC), and
6 USART1 communication interfaces for inter-module coordi-
nation. These components achieve sensing, processing, and
actuating tasks, making energy management a critical factor
in ensuring system operations. The power supply requires a
dedicated description: Indeed, for limiting cost, Blinky Blocks
have no own power source. They are plugged to the electrical
grid through one to many distributed AC/DC converters (230V
AC to 5V DC), the number of which depends on the number of
Blinky Blocks to supply. By distributed, we mean that Blinky
Blocks have a parallel wired network, collocated with the US-
ART interfaces, whose task is to connect to the grid through
neighbors.

Figure 3 Blinky Block

Since the number
of Blinky Blocks one
power supply can serve
varies from 8 to 20,
based on past observa-
tions, it is complicated
to build large systems.
For instance, the largest
MR composed of 1824 Blinky Blocks (Piranda et al. 2025) took
about 9 work.days to complete, of whose more than half were
for fixing incorrect connections and power transmissions.

2.2. BB-based Systems: Motivating Issues

Blinky Blocks systems are very useful for developing MRs algo-
rithms and protocols. Indeed, while simulation (Thalamy et al.
2021) allows implementing distributed algorithms on millions
of virtual MRs, and usual MRs physical implementations rarely
exceed dozens, or a few hundreds, Blinky Blocks have been
designed to be simple enough so that one may manufacture
thousands of them. Thus, with 2000 Blinky Blocks it makes
a good intermediate solution to test real-life MRs at a scale
in-between what is usually achieved with physical robots and
what can be simulated. Thus, it enables us to test distributed
algorithms with real hardware and software, which will under-
line hardware-related issues that cannot be simulated precisely,
while still having a size sufficient to make large scale Modular
robots (MRs) systems observations.

Blinky Blocks also come with their flaws, since they have

1 universal synchronous/asynchronous receiver/transmitter
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